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SUMMARY

A semiempirical method is given for the calculation of the sound
field about a source over ground considering the effects of vertical
temperature and wind gradients as well as scattering of sound by turbu-
lence into shadow zones. The diffracted field in s wind-created shadow
zone 1ls analyzed theoretically In the two-dimensional case and is shown
to be gimilar to the results obtalned for a temperature-created shadow
field as given in NACA TN 349%. The frequency and wind-velocity depend-
ence of the scattered field into the shadow zone 1s estimated from
Lighthill's theory, and on the basis of these two field contributions
a semiempirical formula is conmstructed for the total field which con-
tains two adjustable parameters. From this expresslion a set of charts
has been prepared showing equal sound-pressure contours at 10 feet above
ground for various source heights, wind veloeities, and frequencies.

The two adjustable parameters in the formula were obtained from
measurements using a relatively small source height (10 feet). The
parameters should actually be a function of helght determined by the
wind and tempersture profiles. However, in these preliminary calcula-
tlons the parameters have been kept constant, and the fields, particu-
larly for large source heights, must be considered as preliminary estl-
mates to be corrected when more information is avallsble.

INTRODUCTION

As is well known, sound energy follows curved paths in the presence
of a temperature gradient. Theory indicates that near a sound source
this phenomenon has only a slight effect on the intensity field, the
correction being of the second order in the temperature gredient. How-
ever, if s sound source is placed above ground in a negative temperature
gradient (lapse rate), a shadow zone will form at a certain distance
from it because the rays are screened off by the ground from entering
this region. The same phenomenon occurs in the presence of a wind
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gradient, a shadow being formed on the upwind side of a source if the
wind velocity increases with height.

Previous reports on the present project in atmospheric acoustles
have described two sets of measurements, one performed in the laboratory
(ref. 1) and the other in the field (results as yet unpublished). In
the laboratory measurements a uniform (static) temperature gradient was
set up in a two-dimensionsl propagation chamber. Below a certain fre-
quency this chamber allowed cylindrical waves to propagate between two
paraliel steel plates spaced a distence spart less then half a wavelength.
The temperature gradient was high enough to secure a sound shadow within
& short distance from a source placed near one cnd. The measured shadow
field in the chamber agreed well with diffraction theory, which predicts
that the sound pressure in this region should fall off exponentially with
distance from the shadow boundary at a rate which increases with the fre-
quency and the temperature gradient. Finally, the two-dimensional anely-
sis of the diffracted field in & wind-created shadow, which is included
in the sppendix, predicts the same behavior of the sound field as was
predicted for the temperature-created shadow.

Measurements in the field teken in a wind-created shadow gave
results of the type illustrated qualitatively in figure 1. The sound
intensity at a point within the shadow was observed first to diminish
with frequency in accordance with diffraction theory, but after a cer-
tain frequency it increased again, thus indicating the presence of
another mode of energy penetration into the shadow which predominated
over diffraction at the higher frequencies. It seems reasonable to
suppose that this contribution to the higher frequencies is due to the
presence of turbulence in the atmosphere which scatters sound from the
normal zone into the shadow as i1llustrated schematically in figure 2.

On the basis of this mechanism a semiempiricel theory is given
which attempts to explain the field measurements and to produce an
approximate method by which the sound field can be predlcted.

The present investigation was conducted at the Acoustics Laboratory
of the Massachusetts Imstitute of Technology under the sponsorship and

with the financial assistance of the Netional Advisory Committee for
Aeronsutics. ‘

SYMBOLS

A,B empirical constants
c speed of sound, fps

T frequency, cps
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relative humidity, percent
source height, ft

sound intensity

propsgation constant, 2xf/c
sound pressure field
source-to-recelver distance, ft

distance between source at height h and receiver at
height 10 £t, £t

radisl coordinate, distance from source, ft

horizontal component of Ry, ft

wind~velocity gradient, = &

time, sec

wind velocity, fps unless otherwise indicated
horizontal distance from source, ft

horizontal distance from source to shadow boundary, £t
vertical coordinate, receiver height, ft

propagetion factor

temperature gradiemt, °C/ft

angle between wind and sound direction; velocity potential

ANATYSTS

Diffracted Field

A two~dimensionel calculation of the sound field from a source
loceted in a wind gradient, given in the appendix, predicts that wlthin
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the acoustic shadow on the upwind side of the source the pressure fleld
due to diffraction alone should be of the form

D ~ exp|-B'(x - xo)kl/552/5]

where x, is the horizontal distance to the shadow-zone boundary,

k = 2effe, s = (1/c)(dv/dz), and B' = 0.7 for a hard boundery. In
three dimensions it seems probable that the same relation will hold in
the direction against the wind with the additlon of the fector 1, V©

to take account of divergence. Moreover, in practice it turns out that
the wind velocity v and its gradient are roughly proportional. Sub-
stituting one for the other and at the same time replacing B' by B
to allow for the unknown proportionality leads to the assumption for the
diffracted sound in the shadow zone of an expression of the form

1p T2 &2 (o) 2L/3v2/3

where TIp 1is the sound intensity on the shadow boundary. It is
assumed that TIg varies inversely as the square of the distance from
the source, that is, that it has the form A/R,2 where R, is the dis-
tance from the source at helght h +to the shadow boundary at height 2.

Scattered Part

In addition to the sound field diffracted into the shadow region
there will also be a contribution from the scattering of sound from
‘Yurbulence in the sound region, as already indicated schematically in
figure 2. The theory of the scattering of sound from turbulence pre-~
sented by Lighthill (ref. 2) is essentially applicable to only a small
region of turbulence in space and hes to be modified to a multiple-
scattering theory in order to apply in the present case. However, with-
out having performed such a detailed analysis, it is assumed that in
this case the frequency and velocity dependence of the scattered energy
will still be the same as that given by Lighthill. In particular, atten-
tion is limited to that region In which the sound wavelength can be con-~
sidered small compared with the scale of the turbulence, In that case
the scattered energy should be proportional to the sound frequency sguared
as well as to the mean square of the veloclty fluctuations. Since the
velocity fluctuations are proportional to the average wind velocity v,
the scattered sound mey therefore be set proportional to £2v2, Although
the scattered sound must originate from all over the sound Zone, in this
simple analysis it is assumed that this distributed source can be replaced
by a single source located between the receiver and the shadow boundary.
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It is also assumed that the sound intensity from this equivalent source
spreads out in a spherical wave and accordingly may be written as pro-~

2
portional to fv where R 1is the source-to-recelver distance.

R-a
To insure that this equivalent sound source lies within the normsl 2zone
a 1s set equal to £ T, where r, is the horizontal distence to the

shadow boundary. The exact value assigned to & +turns out to be unim-
portant since, for a large value of R, it will have a negligible effect
on the value of the term, and for a small value of R this term is
itself small compared with the one representing the diffracted sound.

Total Field

From the previous discussions the following expression is obtained
for the total sound intensity within the acoustic shadow:

1o (27 N2, 4 _To_  -2Blrro)fl/3vR/3 ()
(R-%ro * r(Ro)Ee

The assumption is made here that the shadow distence r, 1is related to
the source height h_as it is for a linear wind gradlent; namely,

Ty = Kv-1/ 2(1 + {b/z) where K dis & constant. The receiver height z
is put equal to 10 feet throughout the calculations. From the defini-
tions 1t follows also that B2 = r2+ (z - h)2 anmd R2 =12+ (z - b)2

The unknown constants A and B can be found by fitting equation (1)
to data obtained in fleld measurements.

The constant A 1s essentially a measure of the relative strengths
of the diffracted and scattered sound pressure levels and for the pur-
pose of this analysis is consldered to be independent of the other phys-
icel quantities. Similarly, B dis assumed to depend only on the ground
impedance. The constants A and B can be estimated empirically from
a knowledge of (1) the critical frequency at which the sound pressure
level at a given point in the shadow is a minimm under a known set of
physical conditions and (2) the total attenuation brought about by wind
effects, which 1s measured under these same conditions. Now, in one
set of field measurements (ref. 3) made under the following conditions

r = 1,000 £t upwind of source
ro = 200 £t

v = 15 fps

h =10 £t
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the critical frequency turned out to be about 1,000 cps. At this fre-
quency a total attenuation of 37 decibels more than the value at the
shadow boundery was measured; in other words, from equation (1),

10 1og)- (afvjro)® + (A/roa)

T

= 37 (2)

~

where 7 = B(r - ro)f1/3v2/3.

Differentiation of equation (1) with respect to frequency gives A
in terms of 7 and critical frequency as

W3 s R r(R)®
7'\ - _]é._ ro To

Substituting for A in equastion (2) gives v = 4.1 nepers whence

A= 50 f‘b-z sec"l"
B =8 % 10" sec ft"5/3

Finslly, the relation adopted between shadow distance and wind veloc-
ity To = kv /2(1 + {6/z) Getermines K as

K = 400 ££5/2 sec-1/2
NUMERTCAIL CALCULATIONS

Equation (2) giving the critical frequency is plotted in figure 3
against wind velocity for several values of the source-to-receiver
parameter r and for a source height of 10 feet. These curves divide
the upper right-hand region where scattering predominates from the
lower left-hand region where diffraction is important. The sound
intensity given in equation (1) in terms of distance, frequency, wind
velocity, and source height has been plotted as a function of distance
for several values of the other parsmeters. TFigures h(a) to 4(£) are
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plots of the sound-pressure-level increment (or 10 log (I/I,) where
Io = Constant) on the upwind side of a source located 10, 100, and

1,000 feet above ground and driven at 250 and 500 cps in various winds.
From these plots polar diagrams giving the equal sound-level contours
around. the source were prepared under the following two assumptions:
(1) Within the shadow, formulae (1) was assumed to hold for an angle @

between wind and sound provided that v was replaced by v cos ¢,1

and (2) within the normal region, the sound intensity was assumed to fall
off with the square of the distance from the source. These polar diagrams
are given in figures 5(a) to 5(1) for wind velocities of 10 and 20 mph,
frequencies of 250 and 500 cps, and source heights of 10, 100, and

1,000 feet meking a total of 12 dlagrams. In each of these the position
of the shadow boundary bas been drawn in as & dashed line. The decibel
values labeling the equal sound-level contours indicate the decrease of
sound pressure level below the reference sound pressure level as cbtained
in a free field at 100 feet from the source.

As a specific example of the use of these diagrams, consider a sound
source such as a jet to be located 10 feet above ground in & 20-~mph wind
measured at 10 feet above ground. The problem is to predict the sound
pressure level 10 feet above ground at a distance of 1,000 feet from the
source. Assume the power output of the engine to be such that at 100 feet
its sound pressure level is 120 decibels and assume that it is mainly con-
centrated around 250 cps. The numbers given in the charts indicate the
number of declbels that has to be subtracted from the value at 100 feet
in order to obtain the sound pressure level at the point in question.
Therefore, in this example the sound pressure level on the downwind side
should be approximately 120 -~ 20 = 100 decibels at 1,000 feet, while on
the upwind side it becomes 120 - 46 = Tk decibels at that distance. In
the direction 45° into the wind the level should be 80 decibels.

The formuls presented in equation (1) can, of course, be used to
prepere charts for more extended ranges of the variables .considered.
If, iIn addition to the wind gradient, there also exists a temperature
gradient T, the quantity v in equation (1) must be replaced by

v cos @ + 10%r (v is the temperature gradient in ©C per foot). Thus,

if v < 10%, at some angle @ given by cos @ = -v cos ¢/101'“1' the
effects of wind and temperature gradients cancel each other. This angle
demarcetes the boundary between the shadow and the normal zone. The
charts presented herein refer to the situation when there is no tempera-
ture gradient (T = 0°/£t and ¢ = 90°).

1y preliminary analysis of the three-dimensional wind equation
indicates that this procedure is Justified.
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It should be noted that from the sound pressure level obtained here

should be subtracted the effect of air absorption which can be written
as approximately

3/2
( £ ) / 450 db/mile
1,000 20+ H

where H 1is the relative humidity in percent. This effect is negligible
in most cases. For example, at 250 cps and 50-percent reletive humidity

it amounts to an attenuation of only 0.8 decibel in a mile while at
500 cps the attenuation is 2.3 decibels per mile.

Massachusetts Institute of Technology,
Cambridge, Mass., August 19, 1955.
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APPENDIX

TWO-DIMENSIONAL ANATYSIS OF DIFFRACTED FIELD IN
WIND-CREATED SHADOW

Cylindrical Source in Wind Gradient

Consider a cylindricel source to be located a helght h above
ground in a horizontal wind. The cylinder is parallel to the ground
end perpendiculer to the wind direction. The sound field at large dis-
tances from such a source is sought as the solution to the wave equation
in a moving medium (ref. %) which is

WA
v2¢-c2(at+vv)¢_o

If the x~axis is taken In the wind direction and a time factor e"'iwt
is canceled the equation becomes approximately, for B(z) = v/e < 1,

(v2 + k2)¢+ 21k -g-g =0

Two-dimensional solutions to this equation are of the form

F(z)e™*

where

2
aF (u.2 + X2 & 21kBa,)F =0
d22

For simplicity a linear wind gradient B = -sz 1is assumed (s constant)
for which

7(z) = /g, )




10 NACA TN 3TT9

where

_ (R + P - oiksaz) /2
Skas

(A1)

w(z)

and Hy (1) is the one-third order Hankel function of the first kind.
If these” solutions are required to satisfy the boundery condition
dF/dz =0 at 2=0 (coxjresponding to infinite ground “impedance), an
infinite set of functions Fn(z) wlth corresponding propagetion fac-
tors o, is obtained. The sound field may be expressed as a sum of

these functions in the form

§ = o1t > (n)ry(2)e ™ (a2)
n
The boundary condition dF/dz = 0 at z = 0 leads to

whence,

i(k2 + a2)3/2 = Be—i%t
kas

where B = 0.685 for the first root. The propagation factor o 18
then .

- 1/2
@ = :ﬁ_kEL _ (3sk-2 chB)2/3@1::/3]

Here, in order to Iinsure outgoing waves in conjunction with the

time factor e"i“’t, one must use the plus sign to the right of the
source and the minus sign to the left. Since (for high frequencies)
the second term in the brackets is small compared with the first, one
mey put approximately o = tik in this tbrm and so obtain for o on
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expanding (a) to the right of the source,

a = ik&. - %(39k'13)2/3e21“/ 5] (a3)
and (b) to the left of the source,
- -11:[1 - %(Bsk'lca)zb] . (Ak)

To the left of the source .o is purely imsg.nary and leads to
undamped propagation, while to the right it is complex, indicating that
the waves are attenuated in this direction. This is to be expected
from the form of the veloclity function which leads to an effective
refraction of the waves, downward to the left and upward to the right.

High-Frequency Behavior of Solution

The asymptotic form of each mode of the solution (A2) for high fre-
quencies is (apart from a phase factor)

6~ ei Er(z')+w(h)+ax-ar€| .

where w(z) is given in equation (Al). If it is assumed that
o = ik(1 ~ 8), where from equation (A3) & = -;—'(3sk‘lB)e"21"/ 3 on the
upwind side of the source, then to the first order in & and sz

) [1:2 - ¥2(1 - 28) + Ekasz]3/2 )

w(z) = 2%

22. 1l/2 2 )
T\!'lm/za/ (“%‘s;)

Now, from ray theory the horizontal distance from the source at
height h +to the shadow boundary at height 2z is
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Xg = EEZ/S):L/2 + (h/s)l/r‘]

while the corresponding travel time of the ray is

- V2 |(z l/ 2 h l/ 2 2
to—-c—(-g) (l+%sz +(-§') l+38h)
Rewriting w in terms of these parameters gives
w(z) + w(n) = k(% - oto) - kxgd
The high-frequency behavior of the solution is then

B~ e'iE"t'tO) ko) (1-8)]

Within the shadow zone (x > xo) the solution is essentially represented
by the first mode, which is attenuated at a rate given by

X Im 5 = %-5-(335)2/31:1/5

=~ 0.7 62/31/3 nepers/distance

where TIm signifies the imaginasry part.
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SOUND A THIS INCREASE IS DUE
INTENSITY TO SOUND SCATTERING
IN SHADOW BY TURBULENCE

7/
/A—'— ME ASURED

FROM DIFFRACTION
THEORY

>
FREQUENCY

Figure 1l.- An illustrative plot of frequency spectrum of sound intensity
in shadow showing departure from diffraction theory.

CATTERING OF
WIND SOUND FROM

4+ SOUND ZONE
INTO SHADOW

DUE TO
TURBULENCE
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SHADOW OR

NSaP AcnoN\

Y

Figure 2.~ Schematic disgram illustrating how sound penetrates shadow
owing to the presence of turbulent scattering in sound zone.
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Figure 5.- Plots of critical frequency as function of wind velocity for
several velues of source-to-receiver parsmeter r and for source
height of 10 feet. Curves divide upper right-hand region where scat-

tering predominates from lower left-hand region where diffraction
predomingtes. .
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(a) Source height, 10 feet; wind veloelity, 10 mph; frequency, 250 cps.

Figure 5.~ Equal sound-level contours measured 10 feet above ground
about source in wind for different wind velocities, source helghts,
and frequencies. Wind direction is toward 0°; decibel values on
contours indicate decrease of sound pressure level below the refer-
ence sound pressure level as cbtained in free field at 100 feet from
source; dashed line indicates position of shadow boundary.
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Figure 5.- Continued.

——————— .



NACA TN 3779

=35\
RS
R
NSEE20 Y

mph; frequency, 250 cps.

wind velocity, 10

(c) Source height, 100 feet;

inued.

Figure 5.- Cont



4F

NACA TN 3779

20 mph; frequency, 250 cps.

Source

(a)

inuved.

Figure 5.- Cont




_ NACA TN 3TT9

(e) Source height, 1,000 feet;
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10 mph; frequency, 500 cps.

(k) Source height,

Continued. -

Figure 5.~
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